Recent studies suggest that alterations in the gut phagobiota may contribute to 1 3 pathophysiological processes in mammals; however, the association of bacteriophage 1 4 community structure with Parkinson's disease (PD) has not been yet characterized. Towards 1 5 this end, we used a published dataset to analyse bacteriophage composition and determine the 1 6 phage/bacteria ratio in faecal samples from drug-naive PD patients and healthy participants.
1 0 0 richness and diversity between PD and control groups ( Supplementary Table S1 ). The richness 1 0 1 of bacterial species in the PD microbiome tended to decrease as evidenced by lower but not 1 0 2 statistically significant values of abundance-based coverage estimator (ACE; p = 0.483) and 1 0 3 Chao1 (p = 0.709) compared to control (Fig. 1A,B ). Differences in α -diversity indexes between 1 0 4 the PD and control groups were also not statistically significant (Shannon: p = 0.241; Simpson: p 1 0 5 = 0. 421; inverse Simpson: p = 0. 428; Fig. 1C -E). To evaluate possible differences in detail, we assessed β -diversity using the Bray-Curtis revealed high similarity between PD and control samples based on the absence of statistically 1 0 9 significant difference in bacterial diversity ( Fig. 1F ) 34, 35 .
The taxonomic composition of microbiome in the PD and control groups was analysed at 1 1 1 the genus level. Bacteroides was the most abundant genus in both groups, and no statistically 1 1 2 significant difference was detected in the presence of Bifidobacterium, Eggerthella, and 1 1 3
Adlercreutzia species. However, we detected a depletion of Prevotellaceae and Lachnospiraceae 1 1 4 species in PD patients, which is consistent with previous studies 23 . Furthermore, our analysis of Streptococcaceae in the PD group ( Supplementary Table S1 , Fig. 2A, B ). Bacteriophage diversity in PD. Sequence reads were then used to investigate whether there was 1 1 9
an overall gain or loss of diversity in bacteriophage composition between the groups 1 2 0
( Supplementary Table S2 Chao1 indexes in the PD group was detected (ACE: p = 0.272; Chao1: p = 0.797; Fig. 3A, B ).
2 3
We also found a tendency for reduction of α -diversity in PD patients indicated by reduced Shannon (p = 0.132), Simpson (p = 0.963), and inverse Simpson (p = 0.421) indexes (Mann-
Whitney test) compared with control ( Fig. 3C PD and control groups, which showed no statistically significant difference ( Fig. 3G ). level showed that Siphoviridae was the most abundant family in both PC and control groups 1 3 7 ( Fig. 4) . The second largest bacteriophage family in the PD group was Podoviridae followed by 1 3 8
Myoviridae, whereas in control group the order was the opposite (p = 0.017). ( Supplementary Fig. S1 ). Notably, the sampling methods used in extracting total metagenomic 1 4 5
DNA data include phages both at the lytic and lysogenic states, which cover the bulk of the Next, we evaluated species detectable only in one group (in at least two samples), which Finally, we analysed ratio between phages and their bacterial hosts in the gut microbiome 1 5 8 by calculating the phage/bacteria ratio defined as the 'lytic potential' 37 . To do this, we clustered 1 5 9 phages according to their bacterial hosts and normalized phage abundance to that of the 1 6 0 respective hosts in each group (Fig. 6 ). The obtained data were consistent with the trend of In theory, if the phage/bacteria ratio is equal to 1 (or log10 0 ), it means that a prophage 1 6 6
is stably integrated within the host bacterial genome, which was observed in this study for 1 6 7 7
Bacillus and Vibrio phages and the corresponding bacterial host in the PD group 37 . At the 1 6 8 same time, the ratio less than 1 indicates that a prophage is most likely absent in the genomes of the corresponding phages and high abundance of the host bacteria across both PD and 1 7 2 control groups. The phage/bacteria ratio more than 1 suggesting that the phage is at least
partially present in the lytic phase, was observed for Edwarsiella, Mycobacterium, and 1 7 4
Shigella in both PD and control groups without statistically significant difference. However, we found a significant difference between the groups in the phage/bacterial ratio for
Lactococcus. The abundance of Lactococcus spp. showed a decrease of more than 10-fold in 1 7 7
PD patients compared to that in the control. This finding drew our attention to Lactococcus 1 7 8 known to play an important role in the metabolism of neurotransmitters, including dopamine, 1 7 9 whose deficiency is a key pathological factor in the development of PD ( Fig.6 ) [38] [39] [40] [41] .
We noted that despite the depletion of Lactococcusspp., the total number of respective 1 8 1
Lactococcus phages was approximately the same between the PD and control groups 1 8 2
( Supplementary Fig 1) . To investigate this discrepancy and a possible role of bacteriophages their distribution between PD patients and controls (Fig. 7A, B ) 42,43 . The results indicated that 1 8 6
in the control group, the abundance of the lytic and temperate phages was similar, whereas in 1 8 7 the PD group, the majority of Lactococcal phages were strictly virulent and belonged to c2-1 8 8 like and group 936 ( Supplementary Table S4 ) 42 . Notably, the abundance of a majority of lytic 1 8 9
Lacotococcus phages was higher in PD patients then in control individuals ( Fig. 7B ).
These findings suggest that the striking depletion of Lactococcus spp. in PD patients 1 9 1 could be caused by the appearance of lytic phages. In this study, we have shown that the abundance of lytic Lactococcus phages in PD patients 1 9 5 significantly differed from that of healthy individuals, most likely being a cause for the detected 1 9 6
shift in neurotransmitter-producing Lactococcus and thus opening a discussion on the possible 1 9 7
role of phages and implications of the phagobiota in PD. permeability is considered to be a triggering or aggravating factor 27-29 . Here, we analysed the metagenomic data generated in the study of Bedarf et al. which initiation or progression of PD. We identified bacteria and phages with differential abundance changes in PD patients affecting gut microbiota. In agreement with recent studies, our findings indicate that PD is associated with lower 2 1 8 bacterial diversity and richness 45 . Notably, our analysis revealed significant differences in the 2 1 9 microbiota structure between PD patients and control individuals. We detected some previously 2 2 0 overlooked alterations in the bacterial community at the family and genus levels using the 2 2 1
MetaPhlAn tool, which provides accurate microbial profiling and estimates relative abundance and Lactobacillaceae families, such as Lactococcus and Lactobacillus (Supplementary Table   2 2 5 S1), which are consistent with recent findings 47 . However, some studies showed different 2 2 6 results, which may be explained by variations in analysis pipelines, bioinformatics tools, and 2 2 7 study population, which can comprise patients at different disease stages receiving distinct 2 2 8 therapeutic regimens that can potentially affect gut microbiota composition 45,48 .
9
Our attention was particularly drawn to a previously overlooked decrease of the bacteriophages may be accompanied by a decrease of their bacterial hosts 54 .
5 7
With this in mind, we compared the shifts in phagobiota with the abundance of their 2 5 8 bacterial hosts based on the phage/bacterial ratio, which allowed revealing the presence of 2 5 9 lytic phages at the abundance higher than that of the respective bacterial hosts (Fig. 6 ). An 2 6 0 important result of this analysis is the disbalance between the number of Lactococcus spp. and 2 6 1 their bacteriophages in the PD group. We found more than 10-fold decrease in the abundance of 2 6 2
Lactococcus among PD patients, whereas that of the respective phages was the same as in the 2 6 3 control group. Given that the abundance of temperate phages would be reduced in parallel with 2 6 4 their host bacteria, the finding that the decrease in Lactococcus spp. was not accompanied by that increase in the number of lytic phages. To investigate which Lactococcus phages are solely lytic and which are temperate (i.e., by clustering of Lactococcus phages into "temperate" or "lytic" groups (Supplementary Table   2 7 0 S4) 42,55 . The results revealed that lytic Lactococcus phages belonging to the 936 and c2 groups 2 7 1 were significantly overrepresented in PD patients (Fig. 7A, B) , indicating that the significant known to possess abortive infection (Abi) systems, also known as phage exclusion systems, that 2 7 5 block phage multiplication, leading to premature bacterial death following phage infection 56 .
7 6
Thus, the number of progeny phage particles decreases, limiting the spread of phages to other 2 7 7 bacteria within the population and allowing the bacterial population to survive. It is suggested 2 7 8 that phages in PD have developed mechanisms to overcome these antiphage systems; however, additional studies are required to confirm this 57 .
We focused on the interplay between Lactococcus spp. and their phages because permeability, suggesting that their depletion due to high numbers of respective phages in PD 2 8 3 patients may be associated with PD development directly linked to dopamine decrease 51,58 .
8 4
Therefore, we can draw the second highly speculative conclusion that Lactococcus Lactococcus phages, which are widely used in the food industry and can be found in a variety of 2 9 2 dairy products, including milk, cheese, and yogurt 24, 58 . The impact of the latter factor is 2 9 3 supported by the fact that the majority of lytic phages in PD patients belong to c2-like and 936-2 9 4 like lactococcal phages, which are most frequently isolated from dairy products 62-64 . However, 2 9 5 the hypothesis of the role of the environmental phages in PD needs to be further explored. In summary, our study outline the necessity to pay specific attention to bacteriophages as 2 9 7 previously overlooked human pathogens. We identified shifts in the gut phagobiota in PD 2 9 8 patients, some of which can be considered to be associated with the disease and may be used in parkinsonism, as well as those using laxatives, immunosuppressants, or antibiotics in the past 3 0 9 three months were excluded. Although three PD patients and three control subjects were 3 1 0
included despite the intake of antibiotics (up to three days) in a period of 28-34 days prior to 3 1 1 faeces sampling, the omission of those cases from the analyses had no impact on the results 23 .
3 1 2
The demographic parameters of study participants are presented in ( Supplementary Table S5) to a database of predefined clade-specific marker genes 31,66 . Phage content was assessed using a 3 1 7 custom method. First, reads from each SRA file were de novo assembled into contigs with 3 1 8 metaSPAdes (v. 3.11.1) 67 . Then contigs >200 bp were aligned to the EBI collection of phage Bacterial and bacteriophage communities at the genus, family, and species levels were 3 2 7 characterized based on α -and β -diversities. All taxa with relative abundance measurements 3 2 8 below 0.0001 in all samples, were removed from abundance tables prior to statistical analysis. α -3 2 9
Diversity indices (ACE, Chao 1 richness estimator, Shannon, Simpson, and inverse Simpson) 3 3 0
were calculated using the phyloseq R library 68 . β -Diversity (similarity or difference in bacterial
